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MAGNETO-RESISTANCE TRANSISTOR AND
METHOD THEREOFK

CROSS-REFERENCE TO RELATED
APPLICATION

This 1s a division of U.S. application Ser. No. 10/942,114,

filed Sep. 16, 2004 now U.S. Pat. No. 7,372,117, the entire
disclosure of which 1s incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of Invention

The present invention relates to a transistor, and more
particularly to a magneto-resistance transistor and method
thereof.

2. Related Art

Conventional spin transistors may be electronic devices
that may use a magnetic field to control an electric current.
The effect of spin transistors may be similar to the effect of
conventional transistors. An electron may have two spin
states: spin up and spin down. The spin states of the electron
may be control parameters in conventional transistors.

Conventional spin transistors may have an additional con-
trol parameter, namely, a magnetic field. The magnetic field
used by a conventional spin transistor may control the electric
current by manipulating the spin states of electrons. Thus,
clectronic devices including conventional spin transistors
may have enhanced functionality as compared to electronic
devices including only conventional transistors.

Conventional spin transistors may include a bi-potential
energy barrier structure (1.e. two potential energy barriers
may be combined with a magneto-resistant device in the
conventional spin transistor). The bi-potential energy barrier
structures may be configured to allow magneto-electric cur-
rent to pass through the conventional spin transistor.

Other conventional spin transistors may include a first and
second n-type 1on-doped silicon substrates placed such that
cach substrate 1s oriented toward the other. The first and
second n-type 1on-doped silicon substrates may be vacuum
adhered to form an emitter and a collector, respectively. A
metallic spin valve (1.e., a base) may be placed between the
first and second n-type 1on-doped silicon substrates.

The conventional spin transistor may further include two
pairs of layers. The first pair of layers may include an emitter
(1.e. the first n-type 1on-doped silicon substrate) and a base
(1.e. the metallic spin valve), the pair of layers formed of
platinum (Pt) and Cobalt (Co), respectively. The second pair
of layers may include a base to collector (1.e. the second
n-type 1on-doped silicon substrate), the pair of layers formed
of Copper (Cu) and Co, respectively. The above-described
first and second pair of layers may form a Schottky barrier
diode structure.

When a forward voltage bias 1s applied to the ematter (1.¢.
the first n-type 1on-doped silicon substrate) and the base (1.¢.
the metallic spin valve), the hot electrons may exceed a
threshold of the energy barrier and may flow through the
energy barrier and 1nto the collector. The conduction of the
hot electrons may depend on whether the magnetizations of
the two Co layers (1.e., the two potential barriers) included in
the metallic spin valve have a same direction.

If the external magnetic field 1s small, the states of the two
Co layers may be anti-parallel. In this case, the spin up or spin
down electrons may be spin inelastic scattering and the cur-
rent flow of collector may be relatively small.

If the external magnetic field 1s large enough to align the
magnetizations of the two Co layers 1n parallel, the probabil-
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2

ity of spin up electrons flow may increase, thereby increasing
the electric current. With conventional spin transistors, a cur-
rent fluctuation rate of more than 200% of the magneto-
clectric current may be obtained at ambient temperature.
However, the electric current output of conventional spin
transistors may be small, thereby limiting their utilization in
lower current applications (e.g., in a range from 1.287 pA to
44 pA). Further, conventional spin transistors may be more
difficult to minmaturize.

Another conventional spin transistor may include a mag-
netic tunnel layer formed as a base adjacent to a collector, the
collector being formed by an n-type GaAs substrate. The
conventional spin transistor may be a Schottky barrier diode
structure. An aluminum layer may be formed on the base and
may be oxidized into an aluminum oxide (Al,O,) layer. An
emitter layer may be formed on the aluminum oxide layer,
thereby forming another Schottky barrier diode structure. The
above-described structure may reduce existing problems 1n
the manufacture of conventional spin transistors, including
miniaturization and/or an increased magneto-electric current
fluctuation rate. For example, by this method, a current fluc-
tuation rate of more than 3,400% at lower temperature (e.g.,
7’7 Kelvin) may be achieved. However, the GaAs substrate
may have a higher cost and/or the aluminum oxide layer may
not be formed as a uniform layer. Further, the above-de-
scribed conventional spin transistor may require a lower elec-
tric current mput so as to reduce or prevent damage to the

aluminum oxide included 1n the aluminum oxide layer.
Accordingly, since only a lower electric current input may be
used with the above-described conventional spin transistor,
the electric current output of the conventional spin transistor
may also be lower, thereby limiting their use to lower current
applications. Further, the above-described conventional spin
transistor may have the additional requirement of operating
only at lower temperatures in order to provide an acceptable
magneto-electric current fluctuation rate.

Yet another conventional spin transistor may include a
magnetic tunnel transistor, which may increase the operating
temperature of the bi-potential energy barrier spin transistor.
At ambient temperature, the conventional spin transistor may
provide up to 1 pA of electric current output and/or the mag-
neto-electric current fluctuation rate may increase up to 64%.
In this conventional spin transistor, a cobalt-iron alloy
(Cog.Fe ) layer of 3 nm may be formed as the base on an
emitter formed of a n-type GaAs substrate. An aluminum
layer oxidized into an aluminum oxide layer may be formed
on the cobalt-iron alloy layer (1.e. the base). A (Cog, Fe, ()
layer of 5 nm may be formed as the emaitter on the aluminum
oxide layer. A pinning layer may be coated on the emitter. The
pinning layer may include anti-ferromagnetic Ir, ,Mn- 4. The
pinning layer may be capable of pinning the magnetic dipole
of the emitter. The pinning layer may be covered with a
tantalum Ta) layer of 5 nm. The magnetic dipole of the base
may be modified without affecting the magnetic dipole of the
emitter. Thus, the spin direction of the 1njection electron may
be controlled.

However, the above-described conventional spin transistor
may include a GaAs substrate. The GaAs substrate may be
expensive. Further, the aluminum oxide layer may not be
formed as a uniform layer. Since the magneto-resistant device
with a higher current fluctuation rate may require a higher-
quality (1.e. uniform) layer, the complexity of the manufac-
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turing process may increase as a more uniform aluminum
oxide layer may be difficult to produce.

SUMMARY OF THE INVENTION

An example embodiment of the present invention 1s a mag-
neto-resistance transistor including a magneto-resistant ele-
ment used as an emitter, the magneto-resistant element
including an adjustable resistance based on a given strength
ol a magnetic field, a passive element used as a collector, and
a base, mterposed between the emitter and the collector, for
coupling the emitter and the collector.

Another example embodiment of the present invention 1s a
magneto-resistance transistor including a passive element
used as a collector, and a magneto-resistant element including,
a first portion and a second portion, the magneto-resistant
clement including an adjustable resistance based on a given
strength of a magnetic field, wherein the first portion 1s adja-
cent to the passive element, the first portion coupling the
passive element with the second portion.

Another example embodiment of the present invention 1s a
magneto-resistance transistor, including a magneto-resistant
clement used as an emitter, the magneto-resistant element
including, an adjustable resistance based on a given strength
of a magnetic field.

Another example embodiment of the present invention 1s a
method of controlling electric current 1n a transistor, includ-
ing applying a magnetic field of a given strength, the given
strength determining a resistance in at least one portion of the
transistor.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will become more apparent by
describing in detail example embodiments thereol with ret-
erence to the attached drawings 1n which:

FIG. 1 i1llustrates a schematic view of a magneto-resistance
transistor 100 according to an example embodiment of the
present invention.

FIG. 2 1s a graph illustrating characteristic curves of the
base current I, of FIG. 1 according to another example
embodiment of the present invention.

FIG. 3 1s a graph 1llustrating a characteristic curve of the
collector current I of FIG. 1 according to another example
embodiment of the present invention.

FI1G. 4 1s a graph 1llustrating the current fluctuation rate of
the base, emitter and collector of FIG. 1 as measured 1n
another example embodiment of the present mvention.

FI1G. 5 1llustrates a schematic view of a magneto-resistance
transistor according to another example embodiment of the
present invention.

FIG. 6 1s a graph 1llustrating characteristic curves of the
base current 1, of the magneto-resistance transistor of FI1G. 5
according to another example embodiment of the present
invention.

FIG. 7 1s a graph 1llustrating a characteristic curve of the
collector current I~ of the magneto-resistance transistor of
FIG. 5 according to another example embodiment of the
present invention.

FI1G. 8 1s a graph illustrating a current fluctuation rate of the
base, emitter and collector of FIG. 5 measured according to
another example embodiment of the present mnvention.

FIG. 9 illustrates a schematic view of a spin magneto-
resistance transistor according to another example embodi-
ment of the present invention.
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4

FIG. 10 1s a graph 1llustrating the current fluctuation rate of
the base, emitter and collector of FIG. 9 as measured 1n
another example of the present invention.

DETAILED DESCRIPTION OF EXAMPL.
EMBODIMENTS OF THE INVENTION

L1l

Heremafiter, example embodiments of the present inven-
tion will be described 1n detail with reference to the accom-
panying drawings.

FIG. 1 illustrates a schematic view of a magneto-resistance
transistor 100 according to an example embodiment of the
present 1nvention.

In another example embodiment of the present invention,
referring to FI1G. 1, the magneto-resistance transistor 100 may
include a magneto-resistant element 110, a passive element
130 and/or an ohmic contact layer 131. As shown in FIG. 1,
the magneto-resistant element 110, the passive element 130
and/or the ohmic contact layer 131 may be stacked. Further,
the magneto-resistant element 110, the passive element 130,
and/or the ohmic contact layer 131 may be formed on a plane
ol the magneto-resistance transistor 100.

In another example embodiment of the present invention,
the magneto-resistant element 110 may be an emutter.

In another example embodiment of the present invention,
the passive element 130 may be a collector.

In another example embodiment of the present invention,
the passive element 130 may be a p-n junction diode.

In another example embodiment of the present invention,
the ohmic contact layer 131 may be coated on a lower surtace
of the passive element 130.

In another example embodiment of the present invention,
the ohmic contact layer 131 may include at least one of
titanium (11) and/or gold (Au).

In another example embodiment of the present invention,
the magneto-resistant element 110 may include an adjustable
resistance, the adjustable resistance based on a given strength
of an applied magnetic field.

In another example embodiment of the present invention,
the magneto-resistant element 110 may 1nclude a magnetic
tunnel element including a first ferromagnetic layer 111, an
insulating layer 112 and a second ferromagnetic layer 113.
The first ferromagnetic layer 111 may connect to the passive
clement 130, thereby forming the base 120. The base 120, as
shown 1n FIG. 1, may be interposed between the emitter (1.e.,
the magneto-resistant element 110) and a collector (1.e., the
passive element 130), such that the emitter 1s coupled to the
collector (1.e., the passive element 130).

In another example embodiment of the present invention,
an inputted emitter current 1. may result from an emitter-to-
base voltage V., divided by a resistance of the magneto-
resistant element 110. Thus, the magneto-resistant element
110 (1.e., the emitter) may provide an adjustable resistance.
The adjustable resistance may be based on a given strength of
an applied magnetic field. The inputted emitter current I . may
affect a base current I, and a collector current [ ..

FI1G. 2 1s a graph illustrating characteristic curves 200, 210,
220 and 230 of the base current I, of FIG. 1 according to

another example embodiment of the present invention.

In another example embodiment of the present invention,
referring to FIG. 2, the ordinate axis (1.e. the y-axis) may
represent the base current 1, while the abscissa axis (1.e. the
X-ax1s) may represent the base-to-collector voltage (1.e. the
base voltage bias) V.. The characteristic curves 200, 210,
220 and 230 may 1llustrate a relationship between the base
current I, and the base voltage bias V5. based on a given
emitter current 1. As shown, the given emitter current 1. for
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the characteristic curves 200, 210, 220 and 230 may be 0.1
wA, 0.5 uA, 1 nA, and 2 pA, respectively.

FI1G. 3 1s a graph 1llustrating a characteristic curve 350 of
the collector current I~ of FIG. 1 according to another
example embodiment of the present invention.

In another example embodiment of the present mnvention,
referring to FIG. 3, the ordinate axis may represent the col-
lector current 1~ while the abscissa axis may represent the
base voltage bias V.. The characteristic curve 350 may
illustrate a relationship between the collector current I~ and
the base voltage bias V 5~ based on a given emitter current 1.
As shown, the given emitter current 1. for the characteristic
curve 350 may be any one 01 0.1 pA, 0.5 uA, 1 uA, and 2 A,
respectively. Thus, it may be observed that the collector cur-
rent I ~ may not change 1n response to a change 1n the emitter
current 1.

FI1G. 4 1s a graph 1llustrating the current fluctuation rate of
the base 120, emitter 110 and collector 130 of FIG. 1 as
measured 1n another example embodiment of the present
invention.

In another example embodiment of the present mnvention,
referring to FIG. 4, the abscissa axis may represent a current
variation while the ordinate axis may represent a given
strength of a magnetic field. As shown, at a given magnetic
field strength, the emitter current 1. may decrease from 1.08
wA to 0.97 uA, and the current fluctuation rate for the emitter
current I, may increase 11.3%. The base current 1, may
decrease from 0.123 pA to 1.54 nA, and the current fluctua-
tion rate for the base current I , may increase 6400%. Further,
the collector current I . may decrease from 0.97 pA to 0.953
wA, and the current tluctuation rate for the collector current I -
may increase 1.79%. These results may indicate that the base
current I, output of the magneto-resistance transistor may
change 1n response to changes 1n the emitter current I input.

FIG. 5§ illustrates a schematic view of another magneto-
resistance transistor 500 according to another example
embodiment of the present invention.

In another example embodiment of the present mnvention,
referring to FI1G. 5 the magneto-resistance transistor 300 may
include a magneto-resistant element 510 and a base 520.

In another example embodiment of the present invention,
the magneto-resistant element 510 may function as an emitter
ol the magneto-resistance transistor 500.

In another example embodiment of the present invention, a
p-n junction diode may be formed on the silicon substrate as
passive element 530 (1.¢., a collector).

In another example embodiment of the present mnvention,
an ohmic contact layer 331 may be coated on a lower surface
of the passive element 530 (1.e., the collector).

In another example embodiment of the present mnvention,
the ohmic contact layer 531 may include at least one of
titanium ('11) and gold (Au).

In another example embodiment of the present mnvention,
an msulating layer 532 may be formed on an upper surface of
the passive element 530 (1.e., the collector), and a magneto-
resistant element 510 may formed on the insulating layer 532.

In another example embodiment of the present invention,
the magneto-resistant element 310 may be a spin valve mag-
neto-resistant element. In this embodiment, the spin valve
magneto-resistant element 510 may provide an adjustable
resistance, the adjustable resistance determined by a given
strength of an applied magnetic field.

In another example embodiment of the present mnvention,
the base 520 may be interposed between the magneto-resis-
tant element 510 (1.e. the emuitter) and the passive element 530
(1.e. the collector), thus coupling the magneto-resistant ele-
ment 510 with the passive element 530.
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FIG. 6 1s a graph 1llustrating characteristic curves 600, 610,
620, 630 and 640 of the base current I, of the magneto-
resistance transistor 500 of FIG. 5 according to another
example embodiment of the present invention.

In another example embodiment of the present invention,
referring to FIG. 6, the ordinate axis may represent the base
current I, while the abscissa axis may represent the base-to-
collector voltage (i.e, base voltage bias) V.. The character-
istic curves 600, 610, 620, 630 and 640 may 1llustrate a
relationship between the base current 1; and the base voltage
bias V, . based on a given emitter current I,.. As shown, the
grven emitter current I for the characteristic curves 600, 610,
620, 630 and 640 may be 0.1 pA, 0.5 pA, 1 uA, 1.5 1A, and 2

WA, respectively.
FIG. 7 1s a graph 1llustrating a characteristic curve 750 of
the collector current I . of the magneto-resistance transistor

500 of FIG. 5 according to another example embodiment of
the present invention.

In another example embodiment of the present invention,
referring to FIG. 7, the ordinate axis may represent the col-
lector current I~ while the abscissa axis may represent the
base voltage bias V. The characteristic curve 750 may
illustrate a relationship between the collector current I~ and
the base voltage bias V,, . based on a given emitter current I,..
As shown, the given emitter current I, for the characteristic
curve 750 may be any one o1 0.1 uA, 0.5 uA, 1 uA, 1.5 A, and
2 uUA, respectively. Thus, 1t may be observed that the collector
current I~ may not change in response to a change 1n the
emitter current 1.

FIG. 8 1s a graph illustrating a current fluctuation rate of the
base 520, emitter 510 and collector 530 of FIG. 5 measured
according to another example embodiment of the present
invention.

In another example embodiment of the present invention,
referring to FIG. 8, the abscissa axis may represent a current
variation (1.e. a varniation of I, I, and/or 1), while the ordi-
nate axis may represent a given strength of an applied mag-
netic field. As shown, the emitter current 1. may decrease
from 1 mA to 0.97 mA, and the current fluctuation rate of the
emitter current I . may increase 3.1%. The base current I ; may
decrease from 30.3 pA to 62 nA, and the current fluctuation
rate of the base current [, may increase 48,355%. The collec-
tor current I ~ may decrease from 0.97 mA to 0.969 mA, and
the current tluctuation rate of the collector current I may
increase 0.11%. These results may further indicate that the
base current I, output of the magneto-resistance transistor
may change 1n response to changes 1n the emitter current 1.
input.

In another example embodiment of the present invention,
referring to FIG. 5, the emitter 510, the base 520 and/or the
collector 530 may be formed on a semiconductor substrate.

In another example embodiment of the present invention,
the semiconductor substrate may be a silicon-based substrate.

In another example embodiment of the present invention,
the semiconductor substrate may be a GaAs substrate.

In another example embodiment of the present invention,
since the layer structure implemented 1n above-described
example embodiments may not require a high quality struc-
ture, a complex semiconductor fabrication process may not
be required 1 forming the above-described example embodi-
ments. Further, a conventional substrate, for example a glass
substrate and/or a plastic substrate, may be used to perform
the coating process. Thus, semiconductor substrates may not
be required 1n the formation of the magneto-resistance tran-
s1stor.
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FIG. 9 illustrates a schematic view of a spin magneto-
resistance transistor 900 according to another example
embodiment of the present invention.

In another example embodiment of the present mnvention,
referring to FIG. 9, the spin magneto-resistance transistor 900
may include a magneto-resistant element 310 (1.e. an emitter)
and a passive element 330 (1.e. a collector).

In another example embodiment of the present invention,
the magneto-resistant element 310 and/or the passive element
330 may be coated and/or stacked on a substrate 300.

In another example embodiment of the present mnvention,
the substrate 300 may be a glass substrate.

In another example embodiment of the present mnvention,
the magneto-resistant element 310 may function as both an
emitter and a base, and the passive element 330 may be a
resistor formed on the substrate 300 as a collector. In this
embodiment, the magneto-resistant element 310 may include
an adjustable resistance, the adjustable resistance determined
by a strength of an applied magnetic field.

In another example embodiment of the present mnvention,
referring to FI1G. 9, the magneto-resistant element 310 may be
a tunnel magneto-resistant element. The magneto-resistant
clement 310 may further include a first ferromagnetic layer
320 (1.e. the base), an insulating layer 112 and a second
terromagnetic layer 113. As shown in FIG. 9, the first ferro-
magnetic layer 320 may connect to the passive element 330,
thereby forming the base. The base (1.e. the ferromagnetic
layer 320) may be interposed between the emitter (1.e. the
magneto-resistant element 310) and the collector (i.e. the
passive element 330), thereby coupling the emitter with the
collector.

In another example embodiment of the present mnvention,
the spin magneto-resistance transistor 900 of FIG. 9 may be
tested stmilar to the magneto-resistance transistor 100 of FIG.
1. A test wherein voltages may be applied to the magneto-
resistance transmitter 900 and a subsequent response of the
spin magneto-resistance transistor 900 may be measured will
now be described.

FI1G. 10 1s a graph 1llustrating the current fluctuation rate of
the base 320, emitter 310 and collector 330 of FIG. 9 as
measured 1n another example of the present invention.

In order to test the base current fluctuation rate of the spin
magneto-resistance transistor 900 of FIG. 9, an emitter volt-
age of 928 mV and a base voltage of 464.65 mV may be
applied at the emitter 310 and the collector 330, respectively,
of the spin magneto-resistance transistor 900. It 1s understood
that this example emitter voltage and base voltage are used for
purposes of example only, and any voltage may be used to test
the spin magneto-resistance transistor 900.

Referring to FIG. 10, the abscissa axis may represent a
level of current and the ordinate axis may represent a given
strength of an applied magnetic field. Under the given
strength of the applied magnetic field, as shown 1n FIG. 10,
the base current fluctuation rate may increase 9,837%. Thus,
a magneto-resistance transistor formed by applying a coating
process on the substrate (i.e. the spin magneto-resistance
transistor 900 formed on the substrate 300 of FIG. 9) may
have a base current I, output that fluctuates based on the
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emitter current 1. Furthermore, a magnitude of the current
fluctuation rate may overcome the process limitations of con-
ventional transistors, and thus may reduce manufacturing
costs while providing enhanced performance.

In another example embodiment of the present invention,
the magneto-resistant element implemented 1n the above-
described example embodiments may be a tunnel magneto-
resistant element, a spin valve element, and/or a giant mag-
neto-resistant element.

In another example embodiment of the present invention,
in addition to a p-n junction diode and/or a Schottky diode as
described above 1n example embodiments, a passive element
(1.e. the collector), for example the passive element 330 of
FIG. 9, may include any type of diode and/or resistor.

In another example embodiment of the present invention,
the diode may include at least one of a p-n junction diode, a
p-1-n diode, a Schottky-barrier diode, a planar-doped-barrier
diode, a tunnel diode, a resonant-tunneling diode, a resonant-
interband-tunneling diode, a single-barner tunnel diode, a
single-barrier an interband-tunneling diode, a real-space-
transfer diode, a heterostructure hot-electron diode, an
impact-ionization-avalanche transit-time diode, a barrier-in-
jection transit-time diode, a p-1-n photodiode, a Schottky-
barrier photodiode and/or an avalanche photodiode.

In another example embodiment of the present invention,
any of the elements of the magneto-resistance transistor may
be formed with a semiconductor manufacturing process.
Thus, the ematter, the base and/or the collector may be formed
on the semiconductor substrate and/or on any other type of
substrate. The semiconductor substrate may include a silicon
substrate and/or a GaAs substrate. Thus, the current 1nput
(1.e., at the collector), the corresponding current output, (1.e.,
at the emitter) and the base current fluctuation rate of the
magneto-resistance transistor may be increased.

The example embodiments of the present invention being,
thus described, it will be obvious that the same may be varied
in many ways. For example, various figures 1llustrate graphs
of measured current characteristics of various example mag-
neto-resistance transistors. However, it 1s understood that
while these graphs are used as specific examples, any input
currents, voltages and/or resistances may be used to test vari-
ous example magneto-resistance transistors.

Such variations are not to be regarded as departure from the
spirit and scope of the example embodiments of the present
invention, and all such modifications as would be obvious to
one skilled in the art are intended to be included within the
scope of the following claims.

What 1s claimed 1s:

1. A method of controlling electric current 1n a spin-valve
magneto-resistance transistor, comprising:

applying a magnetic field of a given strength, the given

strength determining a resistance 1n at least one portion
of the spin-valve magneto-resistance transistor, the at
least one portion including at least one of an emitter and
a base.

2. A magneto-resistance transistor for performing the
method of claim 1.
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